The resting brain is associated with significant intrinsic activity fluctuations, such as the correlated low-frequency (LF) blood oxygen level--dependent (BOLD) fluctuations measured by functional magnetic resonance imaging. Despite a recent expansion of studies investigating resting-state LF-BOLD correlations, their nature and function are poorly understood. A major constraint on LF-BOLD correlations appears to be stable properties of anatomic connectivity. There is also evidence that coupling can be modulated by recent or ongoing task performance, suggesting that certain components of correlated dynamics are malleable on short timescales. Here, we compared activity during extended periods of rest following performance of 2 distinct cognitive tasks using different categories of visual stimuli-faces and complex scenes. Prolonged exposure to these distinct categories of visual information caused frontal networks to couple differentially with posterior category-preferential visual regions during subsequent periods of rest. In addition, we report preliminary evidence suggesting that conditions exist in which the degree of modulation of LF-BOLD correlations predicts subsequent memory. The finding that resting-state LF-BOLD correlations are modulated by recent experience in functionally specific brain regions engaged during prior task performance clarifies their role as a dynamic phenomenon which may be involved in mnemonic processes.
Introduction
Spontaneous intrinsic neural activity represents a significant part of the brain's activity dynamics and has been studied extensively in both humans and animals across a broad range of temporal and spatial domains using various neuroimaging modalities (for review, see Buzsaki and Draguhn 2004) . A particularly robust example of spontaneous activity involves the low-frequency (LF: <0.1 Hz) fluctuations that can be measured indirectly using blood oxygen level-dependent (BOLD) functional magnetic resonance imaging (fMRI). Initially observed during passive ''rest states'' (Biswal et al. 1995) , these LF-BOLD fluctuations are correlated among functionally related brain regions.
Increasingly over the last decade, there has been extensive study of spontaneous LF-BOLD correlations, including hundreds of articles in the past 5 years (Bandettini 2009 ), primarily using functional connectivity (FC) analysis, which refers to any analysis of interregional correlations of neural activity (Friston et al. 1993; McIntosh 1999 McIntosh , 2004 Horwitz 2003) . FC analysis of LF-BOLD correlations is a useful technique for characterization of age-related and disease-related pathology (for review, see Greicius 2008; Bandettini 2009 ) and cross-species comparisons Shmuel and Leopold 2008; Margulies et al. 2009) . A number of studies of LF-BOLD correlations have now identified a multitude of functionally dissociable ''resting-state networks'' (e.g., Damoiseaux et al. 2006; De Luca et al. 2006; Fox et al. 2006; Vincent et al. 2008) .
However, despite the recent expansion of research on the topic, the nature and function of LF-BOLD correlations remains unclear Bandettini 2009; Van Dijk et al. 2009 ). They persist during a variety of rest states (Fox et al. 2005 Fair et al. 2007 ), task states (Arfanakis et al. 2000; Greicius et al. 2004; Fransson 2006; Buckner et al. 2009 ), sleep (Fukunaga et al. 2006; Dang-Vu et al. 2008; Horovitz et al. 2008) , under anesthesia (Kiviniemi et al. 2005; Peltier et al. 2005; Greicius et al. 2008) , and during various other altered states of consciousness . The persistence of these correlation patterns across various states suggests that they reflect, in part, intrinsic properties of neuroanatomical networks. Furthermore, recent analysis of connectivity measured using diffusion-based magnetic resonance imaging (MRI) techniques suggests that LF-BOLD correlations are constrained by anatomic connectivity but are more pervasive, reflecting polysynaptic projections and common driving inputs (Greicius et al. 2009; Honey et al. 2009 ; for review, see Van Dijk et al. 2009 ).
However, LF-BOLD fluctuations also have dynamic components that modulate on timescales too brief to reflect anatomical modifications. These patterns of correlated activity likely reflect a combination of 1) intrinsic activity among anatomically connected brain systems and 2) experiencedependent fluctuations. In support of the latter notion, there is recent evidence that patterns of correlated activity are modulated by ongoing tasks (Fransson 2006; Fair et al. 2007; Buckner et al. 2009; Hasson et al. 2009; Wang et al. 2009 ) and recent experience (Waites et al. 2005; Albert et al. 2009; Hasson et al. 2009; Lewis et al. 2009 ). These results have raised the interesting possibility that correlated LF-BOLD fluctuations ''support the off-line processing of past events for memory consolidation'' (Miall and Robertson 2006) . More generally, proposed functional roles include consolidation, maintenance of neuroanatomical networks, and preparation for future behavior (Miall and Robertson 2006; Buckner and Vincent 2007; Raichle and Snyder 2007) .
Two lines of evidence would support the hypothesis that LF-BOLD correlations during rest are involved in learning and/or memory consolidation. First, performance of a given task should modulate the pattern of LF-BOLD correlations during subsequent rest periods, specifically within brain regions or networks that are functionally relevant to the task recently performed. Second, the magnitude of observed changes of the FC of these regions could predict subsequent behavior, such as performance on the same or a related task (e.g., improved motor performance, improved subsequent memory, etc.).
An early study that compared LF-BOLD correlations during prolonged ( >5 min) periods of rest before and after a simple language task (orthographic lexical retrieval) showed differences in 6 individual subjects but very modest consistent effects at the group level, providing tentative evidence of increased FC within a purported language network following a language task (Waites et al. 2005) . However, a more recent study argued that task induced changes in LF-BOLD correlations during subsequent rest occur exclusively following learning (Albert et al. 2009 ). Using probabilistic independent components analysis, Albert et al. (2009) identified 2 resting-state networks-a frontoparietal network and a cerebellar network, thought to be involved in motor performance-which showed increased component strength following a novel motor learning task but not following a simple motor performance task. The authors stressed that because changes in resting-state activity occurred only following the more difficult motor learning task, this modulation was attributable to learning per se. However, the possibility cannot be ruled out that the observed differences in resting-state activity could be attributed to the increased difficulty or attentional demand of the novel motor learning task relative to the simple motor performance task. Further, despite evident learning demonstrated by the participants during the motor learning task, analyses of potential brainbehavior correlations failed to show any relationship between LF-BOLD activity at rest and previous or subsequent task performance across a number of performance measures.
While the latter study provided evidence to support the hypothesis that LF-BOLD correlations may reflect learning, by satisfying the first of 2 lines of evidence outlined above, a direct link with measures of actual performance was not observed. Indeed, while recent evidence suggests that FC during task performance is related to individual differences in subsequent memory (Hasson et al. 2009 ) and intrinsic BOLD fluctuations interact with ongoing task performance , to date there is no direct evidence that modulation of LF-BOLD fluctuations during sustained periods of ''rest'' is predictive of subsequent memory or cognition (but see Lewis et al. 2009 for effects on perceptual learning). Further, the task that presumably modulated subsequent LF-BOLD correlations in the latter study (Hasson et al. 2009 ) was a passive listening task without any active learning component. Thus, it seems plausible that modulation of LF-BOLD correlations during rest may occur automatically within networks previously engaged during prior task performance, akin to a passive ''echo'' or ''ripple effect'' within recently coactivated brain regions. Given these competing hypotheses, questions that remain are 1) whether restingstate LF-BOLD correlations among brain regions engaged by a particular task can be modulated by simple prior task performance per se (Waites et al. 2005; Hasson et al. 2009 ), or whether these modulations are directly related to a prior learning episode (Albert et al. 2009; Lewis et al. 2009 ); and 2) to what extent modulations of LF-BOLD activity during rest might impact subsequent memory or cognition.
Here, we explored the possibility that LF-BOLD correlations during sustained periods of rest are modulated by recent experience in functionally relevant brain regions by varying the content of stimulus exposure and examining the dynamics of activity in subsequent rest states. We specifically probed the activity of functionally well-characterized brain regions known to be preferentially associated with processing of specific categories of visual stimuli (faces and complex scenes). We considered it to be an open question as to whether LF-BOLD correlations are involved in mnemonic processes, but we reasoned that if modulation of LF-BOLD correlations is directly related to learning, then this modulation should be related to subsequent performance or cognition in some way.
Exposure to particular categories of visual stimuli has long been known to differentially engage dissociable ''categorypreferential'' regions within the human ventral visual cortex, for example, a scene-preferential (SP) region in bilateral parahippocampal cortex (PHC) for complex visual scenes (Epstein and Kanwisher 1998 ) and a face-preferential (FP) region in the right fusiform gyrus (FG) for faces (Kanwisher et al. 1997 ). Furthermore, processing these categories of visual stimuli involves functional interactions between nodes of distributed networks of brain regions, depending on the type of cognitive task being performed (Haxby et al. 2000; Epstein et al. 2007) . Previous studies have shown that during a memory task involving faces and scenes, top-down modulation of category-preferential visual regions associated with memory performance involves not only the enhancement of ''categoryrelevant'' visual regions but also the simultaneous suppression of ''category-irrelevant'' visual regions (Gazzaley, Cooney, McEvoy, et al. 2005; Gazzaley, Cooney, Rissman, and D'Esposito 2005) ; this top-down modulation involves long-range functional interactions with prefrontal brain regions (Gazzaley et al. 2007 ). Interestingly, age-related memory deficits may be attributable to a failure to suppress activity in category-irrelevant visual regions, despite preserved enhancement of activity in categoryrelevant regions (Gazzaley, Cooney, Rissman, and D'Esposito 2005) .
A significant body of research highlights the importance of long-range functional interactions between category-preferential visual regions and the right inferior frontal gyrus (rIFG) in particular. A recent study of patients suffering from congenital prosopagnosia showed that disruption of long-range structural connectivity between the rIFG and posterior FP visual cortex in the right FG underlies impaired face processing (Thomas et al. 2009 ). Indeed, evidence of an important role of the rIFG in processing of both faces and scenes across a range of cognitive tasks is abundant. For example, a number of fMRI studies have demonstrated that the rIFG is involved in both encoding and retrieval of nonverbal stimuli including faces and visuospatial scenes specifically (e.g., Wagner et al. 1998; Rajah et al. 1999; Golby et al. 2001; Wig et al. 2004) . Thus, regions such as the rIFG that play an important role in both face and scene processing may be candidate regions likely to show modulation of LF-BOLD correlations with FP and SP visual regions during rest, depending on the stimulus category previously experienced.
We hypothesized that if intrinsic activity events captured by resting-state LF-BOLD fluctuations play a role in memory consolidation or preparation for future behavior, then recent stimulus exposure should modulate patterns of LF-BOLD correlations among functionally relevant brain regions during subsequent rest periods. Furthermore, if modulation of LF-BOLD correlations is related to learning per se, rather than being an automatic or passive consequence of previous task performance, then variation in these fluctuations during rest should predict subsequent memory performance. To test our hypotheses, we used FC analyses to compare fMRI LF-BOLD fluctuations ( <0.08 Hz) of category-preferential visual brain regions (FP and SP regions) during sustained periods of rest following 2 distinct cognitive tasks using different categories of visual stimuli-faces and complex scenes. We then assessed the degree to which the magnitude of LF-BOLD modulation predicted subsequent memory for these visual images.
Materials and Methods

Participants
Participants were 34 healthy, right-handed, young adults (mean age ± standard deviation [SD] = 24.6 ± 3.9; range = 18--33; 16 females/18 males), with normal or corrected-to-normal visual acuity and no history of psychiatric, neurological, or other medical illness or history of drug or alcohol abuse that might compromise cognitive functions. All participants were paid for their participation and gave written informed consent prior to participation, in accordance with the guidelines of the institutional review board of Harvard University and the Human Subjects Research Committee at Massachusetts General Hospital. Of the 34 participants that underwent fMRI scanning in this study, 4 were excluded from the analyses presented here due to excessive movement during fMRI scanning. The data and analyses reported here include 30 participants (mean age ± SD = 24.3 ± 3.9; range = 18--33; 14 females/16 males).
Behavioral Tasks
The 2 distinct cognitive tasks that preceded the rest periods of interest involved semantic classification of faces and scenes in a repetition priming paradigm, the results of which are beyond the scope of the current paper and will be reported separately. A full description of the tasks and stimuli used is provided in the Supplementary methods and depicted in Supplementary Figures 1--3 . Briefly, face stimuli were grayscale images of faces, half were female and half were male (Endl et al. 1998; Jaeger et al. 2005) . Scene stimuli were grayscale images of outdoor scenes, half were ''man-made'' (i.e., scene contained at least one man-made object) and half were ''nature'' (i.e., scene contained no manmade objects). Each participant first performed either a face classification task (''male'' vs. ''female'') or a scene classification task (nature vs. man-made) for the duration of 4 consecutive event-related runs (total duration >15 min), followed by 2 consecutive rest runs (total duration >9 min). Immediately preceding each of the rest runs was a brief ''primer'' run (duration = 20 s), wherein participants were presented with an additional series of 10 novel faces or scenes (consistent with the current task stimulus category); the same semantic classification was performed. Due to the long combined duration of 2 consecutive rest runs (i.e., >9 min), the purpose of these short primer runs was to ensure that participants had been exposed to the relevant category of stimuli with a moderate degree of recency (i.e., within~4.7 min). The intent was to maximize the likelihood that LF-BOLD fluctuations could be modulated by the recent task (see Supplementary methods; Supplementary Fig. 3 ). During rest runs, participants were instructed to fixate on a centrally located crosshair but were not otherwise directed to engage in any particular cognitive activity. This sequence of task runs followed by rest runs was then repeated with the other task; order of task presentation was counterbalanced across participants. The rationale for the tasks that preceded the rest periods was to maximize the duration and number of repeated exposures to images of a single category of visual stimuli in an attempt to increase the likelihood of modulating subsequent resting-state LF-BOLD fluctuations.
At the end of the experiment, participants were scanned during 2 blocked runs of alternating face and scene blocks that served as an independent task-based functional localizer that allowed us to map individual FP and SP regions within the ventral visual cortex of each participant. During the face and scene trials of the localizer runs, participants performed an incidental recognition memory task that allowed us to assess subsequent memory performance for the stimuli previously viewed in the classification tasks. Due to the rapid presentation of trials inherent in the block design, neural responses to individual trials could not be estimated, and thus, analyses of BOLD activity during these runs were restricted to a block analysis of overall responses to the face and scene blocks for localization purposes. Taskbased functional localizers typically involve performance of some type of cognitive task to ensure vigilance (Epstein and Kanwisher 1998; Kanwisher et al. 1998) , but due to the statistical power and efficiency of block contrasts (Friston et al. 1999) , this has negligible bearing on the main contrast of stimulus category, and thus, in no way does this compromise the independence of these runs as functional localizers (Friston et al. 2006 ). The localizer runs consisted of alternating ''recognition blocks'' of face and scene recognition tasks, interleaved with short ''fixation blocks'' (i.e., presentation of a centrally located crosshair for the duration of the 20-s block). Each recognition block contained 20 successive face or scene trials (2500 ms: 800-ms face or scene presentation; 1700-ms interstimulus fixation crosshair), consisting of 10 novel pictures and 10 repeated pictures from the previous face or scene tasks, presented in random order. Half of the blocks were ''easy recognition'' blocks, wherein repeated pictures had been viewed 4 times previously in the face and scene tasks; half of the blocks were ''difficult recognition'' blocks, wherein the repeated pictures had only been viewed once previously in the face and scene tasks. For each picture, participants were required to make an ''old/ new'' judgment.
Stimuli were presented to participants using Presentation software (Neurobehavioral Systems Inc., Albany, CA) run on a Dell Latitude D820 laptop computer, projected onto a screen positioned at the head of the MRI scanner bore using JVC (model SX21/s) D-ILA projector, and viewed by participants via a mirror attached to the head coil.
fMRI Scanning Participants were scanned at the Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital (Charlestown, MA) using a 3-T Siemens Magnetom TimTrio Scanner (Siemens Medical Solutions, Erlangen, Germany) equipped with a 12-channel phasedarray whole-head coil. All participants were fitted with MRI-compatible corrective lenses (zero-correction control lenses were worn by participants with normal vision). Cushions and clamps were used to minimize head movement during scanning.
Anatomical images were acquired using a high-resolution 3D magnetization prepared rapid gradient echo sequence (MPRAGE: 128 sagittal slices; time repetition [TR] = 2530 ms; time echo [TE] = 3.45 ms; flip angle = 7°; voxel size = 1 3 1 3 1.33 mm). Functional images for the rest and the localizer/recognition runs were collected in 6 runs using T 2 * gradient echo, echo planar imaging sensitive BOLD contrast (TR = 2500 ms; TE = 30 ms; flip angle = 90°; voxel size = 4 3 4 3 4 mm). Sets of 112 (4 runs) and 138 (2 runs) volumes for each of the rest and localizer runs, respectively, were acquired axially, aligned parallel to the anterior commisure-posterior commisure plane in 36 slices, yielding wholebrain coverage.
Data Analysis
Recognition Performance
To assess memory for faces and scenes, recognition accuracy (proportion hits --proportion false alarms) was calculated separately for faces and scenes in easy recognition blocks, difficult recognition blocks, and all blocks collapsed across difficulty, for each participant. A 2 3 2 repeated-measures analysis of variance (ANOVA) was conducted with stimulus category (face vs. scene) and difficulty (easy vs. difficult) as within-subjects factors. Significant main effects were followed up with planned paired samples t-tests.
fMRI Preprocessing All fMRI data were preprocessed using a combination of procedures using both FSL (FMRIB) and SPM2 (Friston et al. 1995 ; Wellcome Department of Imaging Neuroscience) tools. The first 4 volumes (10 s) in each run were excluded from analyses to allow for T 1 -equilibration effects. Data were corrected for slice-dependent time shifts for each Cerebral Cortex August 2010, V 20 N 8 1999 whole-brain volume (SPM2) and for head motion within and across runs using a rigid body correction (Jenkinson et al. 2002; FMRIB) . Motion parameters generated in the latter process were used later as nuisance regressors in the general linear model (GLM) and correlation analyses. Images were then normalized to a standard anatomical atlas space by first computing affine transforms connecting the first image volume of the first functional run with the T 1 -weighted structural images (Jenkinson and Smith 2001; FMRIB) . Our atlas representative template includes MPRAGE data from 12 normal individuals and was made to conform to the Montreal Neurological Institute (MNI) template using previously described methods (Buckner et al. 2004 ). The final preprocessing step combined motion correction and atlas transformation in one step to yield a motion-corrected volumetric time series sampled at 2-mm cubic voxels, as previously described .
Task-Based Functional Localizer
After preprocessing, fMRI images from the localizer runs were spatially smoothed with a Gaussian kernel with a full width at half maximum (FWHM) of 6 mm. The fMRI data were then analyzed using the GLM in SPM2. Variables of noninterest were entered as regressors into the GLM, including run means, linear trends to account for LF noise (e.g., scanner drift), and 6 movement parameters obtained from the previous motion correction procedure. The face and scene blocks were modeled separately with a box-car function convolved with the SPM2 canonical homodynamic response functions, with the onset and offset points coinciding with the beginning and end of each task block, and entered as regressors of interest into the GLM.
To identify a category-preferential brain region of interest (ROI) for both faces and scenes in ventral visual cortex, whole-brain voxel-wise statistical parametric maps were computed for each participant for the contrasts face > scene and scene > face for FP and SP regions, respectively. Definition of the FP-and SP-ROIs was restricted to the right hemisphere to control for potential differences in laterality and facilitate comparisons with the FP-ROI, which was most consistently right lateralized across participants. A FP-ROI was defined individually for each participant as all voxels for which activity exceeded a given threshold (t = 2.76, P < 0.005) within an approximate sphere with a radius of 8 mm centered on the peak activated voxel in the right FG in the contrast face > scene. A SP-ROI was defined for each participant in the same manner but centered on the peak activated voxel within the right PHC in the contrast scenes > faces. The relatively liberal threshold (i.e., t = 2.76, P < 0.005) was used in order to include as many face-and scene-responsive voxels in the FP-and SP-ROIs, respectively; when subsequently using these a priori ROIs as seed regions for FC analyses, this yields a more conservative approach than if a higher threshold were used to define the ROIs (e.g., using only the peak activated voxel).
To identify brain regions involved in face processing and scene processing per se across participants, statistical parametric maps for the contrasts faces > fixation and scenes > fixation were calculated, then used in conventional random-effects analyses to assess voxel-wise statistical significance at the group level.
FC Analyses
After preprocessing, the fMRI data from the rest runs were subjected to additional processing steps, as described previously (Fox et al. 2005; Vincent et al. 2006; Van Dijk et al. 2009 ), prior to FC analysis of LF-BOLD fluctuations. First, a temporal band-pass filter was applied to the atlasaligned BOLD data, retaining signal within the frequency range of 0.009--0.08 Hz. Data were then spatially smoothed with a Gaussian kernel (FWHM = 6 mm). Then, sources of variance of noninterest were removed from the data by regression of nuisance variables (in addition to first temporal derivatives of each), including: the 6 motion parameters obtained during the motion correction procedure; the mean whole-brain signal; the mean signal from the lateral ventricles; and the mean signal from a region within the deep cerebral white matter.
FC analysis typically involves creation of a ROI centered on a given coordinate that is used as a common seed region across multiple participants. Here, in order to account for individual variability and increase specificity, we used the individually defined FP-ROI and SP-ROI from the independent localizer as seed regions for the FC analyses in each participant. To identify patterns of LF-BOLD fluctuations correlated with the FP-and SP-ROIs, the BOLD data were collapsed across all rest runs. For each participant, the mean BOLD signal time course was extracted from the FP-and SP-ROIs, and the correlation coefficient for each of these time courses with the time course for every voxel in the brain was computed separately using Pearson's product-moment formula. These values were then converted to z values using Fisher's r-to-z transformation (Zar 1996) . Whole-brain voxel-wise z-maps were then subjected to random-effects analyses to asses statistical significance across participants at the group level using t-tests performed in SPM2.
To identify correlated activity specific to the FP-ROI, a FP-map was defined for each participant as the t-map contrast FP > SP; likewise, to identify correlated activity specific to the SP-ROI, a SP-map was defined as the opposite contrast SP > FP. With participant as a random factor, group t-maps (threshold: t > 3.4, P < 0.001) were created to define the group FP-map and SP-map.
To determine whether correlated activity with the FP-and SP-ROIs was modulated by recent cognitive experience (i.e., category of stimuli in the preceding task), ''face--rest'' (i.e., rest runs following the face task; 2 concatenated runs) and ''scene--rest'' (i.e., rest runs following the scene task; 2 concatenated runs) were analyzed separately. For each participant, the ''difference-map'' defined by the contrast FP > SP was calculated separately during face--rest and scene--rest. We predicted that there may be brain regions involved in both face and scene processing (e.g., rIFG) that would show modulation of LF-BOLD correlations with the FP-and SP-ROIs depending on the category of stimuli in the previous task. Therefore, to identify any region(s) in the brain showing such differential modulation, we calculated a wholebrain ''difference of differences'' map (i.e., task 3 ROI interaction map) defined by the contrast:
(FP -SP during face--rest) -(FP -SP during scene--rest). This interaction contrast directly tested the prediction that there would be brain regions showing increased correlations with the FP visual region in the right FG following a prolonged period of face processing relative to scene processing; and conversely, increased correlations with the SP visual region in PHC following a prolonged period of scene processing relative to face processing.
To characterize the nature of the interaction identified by this contrast in the rIFG (task 3 ROI: t > 3.4, P < 0.001, cluster size = 113 contiguous voxels; MNI coordinates: x = 48, y = 36, z = 4. See Results), the mean correlation z value of this region was calculated for each of the 4 conditions (task: face--rest vs. scene--rest 3 ROI: FP vs. SP). Statistical significance of the simple main effect of task for both the FP-ROI and the SP-ROI was assessed using paired samples t-tests.
Brain--Behavior Correlations
Finally, to assess the degree to which modulation of LF-BOLD correlations by the preceding task might be correlated with subsequent memory performance, the following procedures were carried out. Because top-down modulation of category-preferential visual regions associated with memory performance involves the simultaneous enhancement of category-relevant visual regions and suppression of category-irrelevant visual regions (Gazzaley, Cooney, McEvoy, et al. 2005 ; Gazzaley, Cooney, Rissman, and D'Esposito 2005), we tested whether the strikingly similar pattern seen here during subsequent rest periods would predict subsequent memory. Thus, we correlated the magnitude of the task by ROI interaction in the rIFG with subsequent recognition performance across participants. Because definition of all ROIs in this study was completely independent of any measure of behavior (i.e., priming or subsequent memory performance), this correlation analysis did not in any way confound definition of the rIFG ROI (i.e., region showing a significant task [face--rest vs. scene--rest] by FC [FP-ROI vs. SP-ROI] interaction) with the variable it was correlated with (i.e., subsequent memory). Thus, the logical fallacy of ''nonindependence,'' which is unfortunately ubiquitous among fMRI studies reporting ROI/brain--behavior correlation analyses does not apply to the analyses reported here. To apply a more statistically conservative assessment of a potential correlation between the FC of the rIFG region and subsequent memory performance (see ROI definition above), an interaction ROI was defined as a larger cluster that included all voxels exceeding the statistical threshold of t > 2.76, P < 0.005 in the task 3 ROI interaction contrast described above. Then, the mean magnitude of the task 3 ROI interaction within this ROI was calculated for each participant individually. Finally, the magnitude of the interaction in this region was correlated with subsequent face and scene recognition accuracy (proportion hitsproportion false alarms) across participants.
For all figures, fMRI data are displayed projected onto the partially inflated cortical surface (population average landmark surface: PALS-B12) using Caret software (Van Essen 2005) .
Results
Recognition Performance
To assess memory for faces and scenes, recognition accuracy (proportion hitsproportion false alarms) was calculated separately for faces and scenes in the easy and difficult recognition blocks ( Supplementary Fig. 4A ). A 2 3 2 repeated-measures ANOVA with stimulus category (face vs. scene) and difficulty (easy vs. difficult) as within-subjects factors revealed significant main effects of stimulus category (F = 40.4, P < 0.001), and as expected, difficulty (F = 213.3, P < 0.001), with higher recognition accuracy for scenes than for faces and for easy recognition blocks than for difficult recognition blocks. There was no significant stimulus category by difficulty interaction (F = 1.75, P = 0.2).
Localizer Analyses
As expected, there was a considerable degree of variability in the spatial location and extent of the FP-and SP-ROIs across participants, but there was little or no overlap between FP-and SP-ROIs either within or across participants (Fig. 1A) . The spatial variability of the FP-and SP-ROIs highlights the potential advantage of using individually defined ROIs as seed regions for the FC analyses. In addition to the anticipated FP and SP regions in the right FG and PHC, respectively, a number of other brain regions typically associated with face and scene processing were identified by the localizer contrasts as well (Fig. 1B) .
In addition to regions showing preferential activation for either faces or scenes, localizer task contrasts also allowed us to identify common brain regions involved in processing of both faces and scenes. Importantly, the main effect contrasts for face processing (face > fixation; Fig. 3B ) and scene processing (scene > fixation; Fig. 3C ) revealed a common region within the rIFG showing a strikingly similar pattern of activation, both in spatial location (coordinates of peak activation within 2 mm) and extent. Regions such as the rIFG, showing similar involvement in both face and scene processing, were potential candidate regions that may show modulation of LF-BOLD correlations with FP and SP visual regions by the task stimulus category manipulation. (N.B. we did not use these contrasts to define any ROIs.)
FC Analyses
The ''difference-maps,'' showing correlated activity patterns specific to each of the category-preferential ROIs, were created for each participant by contrasting the correlation map for the FP-and SP-ROIs, collapsed across all rest runs (''FP-map'' = FP > SP; ''SP-map'' = SP > FP). The group FP-map and SP-map were functionally specific, showing similarities to the networks of regions typically identified in task-based functional localizers for face and scene processing, respectively (Kanwisher et al. 1997; Epstein and Kanwisher 1998; Haxby et al. 2000; Epstein et al. 2007 ; Fig. 1C ).
The interaction contrast ([FP -SP during face--rest] > [FP -SP during scene--rest]) was designed to identify any brain region(s) showing increased correlations with the FP visual region in the right FG following a prolonged period of face processing relative to scene processing; and conversely, increased correlations with the SP visual region in PHC following a prolonged period of scene processing relative to face processing. Consistent with our prediction, this contrast revealed a significant task by ROI interaction in a sizeable region within the rIFG ( Fig. 2A : Brodmann area 45/47; t > 3.4, P < 0.001, cluster size k = 113 contiguous voxels; MNI coordinates of the peak activated voxel: x = 48, y = 36, z = 4), indicating that the correlation of activity in this region with the FP-and SP-ROIs during rest was differentially modulated depending on the preceding task performed. Importantly, the rIFG region showing the interaction between ROI and task (Fig. 3A) overlapped the region that showed common activation for both face (Fig. 3B ) and scene (Fig. 3C) processing identified in the localizer contrasts, encompassing the peak voxels from both contrasts (Fig. 3D) .
To determine the nature of this interaction in the rIFG, we extracted the mean correlation values from the region for paired samples comparisons, which revealed a double dissociation (cross-over interaction) between ROI and task (Fig. 2B) . LF-BOLD correlation between the rIFG and the FP-ROI increased during face--rest relative to scene--rest ( Fig. 2C : t = 3.0, P < 0.01, 2-tailed); and conversely, LF-BOLD correlation with the SP-ROI increased during scene--rest relative to face--rest ( Fig. 2D : t = -3.3, P < 0.01, 2-tailed). It is important to note that regression of the global signal during FC analysis results in rescaling of the correlation values to a mean of approximately zero (Murphy et al. 2009 ). Thus, negative correlation values are not interpretable, and instead, the relative difference (increase vs. decrease) in correlation values between rest conditions (face--rest vs. scene--rest) for each ROI (FP vs. SP) is the relevant measure of interest.
Brain--Behavior Correlations
We tested the possibility that modulation of LF-BOLD correlations by previous task would predict subsequent memory. There was a significant correlation between the magnitude of the interaction in the rIFG and subsequent scene recognition (r = 0.37, P < 0.05, 2-tailed; Fig. 4 ). Further investigation revealed that this correlation was driven primarily by a stronger correlation with recognition performance during the easy recognition scene blocks (r = 0.43, P < 0.05, 2-tailed; Supplementary Fig. 4B) ; the correlation was not significant for the difficult recognition scene blocks or for face recognition.
Discussion
The results of the current study support the hypothesis that certain components of correlated LF-BOLD fluctuations during rest play a role in learning. There was also evidence suggesting that this could reflect consolidation of recent cognitive experience. The first line of evidence outlined previously was satisfied by showing that LF-BOLD correlations during rest are modulated by previous cognitive experience in functionally specific brain regions. Furthermore, to the extent that modulation of LF-BOLD activity during rest was correlated with subsequent memory, our results provide some support for the second line of evidence that these modulations of restingstate activity could predict subsequent behavior and/or cognitive performance. However, these latter findings are preliminary. Taken together, our results indicate that intrinsic activity in the resting human brain has a dynamic component with possible relevance to mnemonic processes, thereby converging with recent findings that BOLD activity during rest is associated with motor and perceptual learning (Albert et al. 2009; Lewis et al. 2009 ), and individual differences in memory performance (Wig et al. 2008; Hasson et al. 2009 ).
It is important to reiterate that patterns of LF-BOLD fluctuations have stable components that persist across a broad range of task states and levels of consciousness (for discussion, see Van Dijk et al. 2009 ). Thus, the majority of variance in these patterns of correlated activity is unlikely to be a consequence of cognitive operations but rather reflects spontaneous intrinsic activity within neuroanatomical networks (for recent empirical support, see Greicius et al. 2009; Honey et al. 2009 ). However, studies showing modulation of LF-BOLD correlations related to recent or ongoing tasks (Waites et al. 2005; Fransson 2006; Fair et al. 2007; Albert et al. 2009; Buckner et al. 2009; Hasson et al. 2009; Lewis et al. 2009; Wang et al. 2009 ) demonstrate that some portion of this resting-state activity is malleable on a shorter timescale. The present results suggest that this latter portion of resting-state activity may contribute to learning or memory consolidation. Furthermore, provide evidence of a potential mechanism by which alterations in LF-BOLD correlations over time might also modulate ongoing task performance. In the foregoing study, spontaneous intrinsic BOLD fluctuations in motor regions accounted for a portion of intertrial variability in performance on a simple motor task. We suggest that such a mechanism might underlie an association between modulation of LF-BOLD fluctuations and learning or subsequent cognition as well.
We compared activity during sustained periods of rest that followed prolonged performance of 2 distinct cognitive tasks using different categories of visual stimuli-faces and complex scenes. LF-BOLD fluctuations in a frontal brain region (rIFG), shown to be involved during cognitive processing of both faces and scenes in an independent task, showed a double dissociation: this region transiently demonstrated increased coupling with a SP region in the right PHC following exposure to scenes; and conversely, increased coupling with a FP region in the right FG following exposure to faces. Furthermore, the degree to which rIFG coupled selectively to these posterior cortical systems during rest predicted subsequent memory performance, though not consistently across conditions. Contrasts from an independent task-based functional localizer revealed that this frontal region was also maximally activated for both face and scene processing per se during task performance (Fig. 3B,C) .
Our finding of an important role of the rIFG in cognitive processing of both faces and scenes is consistent with a number of previous fMRI studies (e.g., Wagner et al. 1998; Rajah et al. 1999; Golby et al. 2001; Wig et al. 2004; Thomas et al. 2009 ) but provides novel evidence that its functional role is not limited to the temporal window of engagement in task performance. Instead, increased FC of this rIFG region with posterior visual brain regions persisted for at least several minutes after participants disengaged from the task, as measured by fMRI LF-BOLD activity.
While researchers have speculated for some time that LF-BOLD fluctuations during rest may play some functional role in learning, memory, or future behavior/cognition, only recently has it been demonstrated that resting-state activity is reliably affected by recent experience in a systematic way (Albert et al. 2009; Hasson et al. 2009; Lewis et al. 2009 ). These studies showed modulation of FC within large-scale brain networks following motor and perceptual learning tasks and a passive listening task. Our results bolster these recent observations and extend our understanding of the phenomenon by demonstrating robust modulation of LF-BOLD correlations of posterior visual brain regions that have been thoroughly studied, functionally well characterized, and are known to be preferentially recruited for processing different categories of visual stimuli.
While the results of these studies provide indirect support for the notion that LF-BOLD activity during rest may be associated with subsequent memory, a direct link remains elusive. Albert et al. (2009) showed that modulation of 2 motor learning-related networks occurred only following a motor learning task but not a trivial motor performance task, arguing that this established the link between modulation of LF-BOLD correlations and learning. Contrastingly though, Hasson et al. (2009) reported modulation of FC among default network regions during rest depending on a previous passive listening task, with no explicit task demands and no explicit learning component (see also Waites et al. 2005) . However, it is important to note that ''resting state'' was defined in a very different way in the latter study-that is, short intermittent ''rest trials'' (duration = 16 s) that were interleaved with task trials were defined as rest. This paradigm may have involved different neural dynamics than studies examining sustained periods of rest, such as the present study (see also the Albert et al. 2009; Lewis et al. 2009 ). Nonetheless, the semantic classification task of the current study also contained no explicit learning component, as participants were only required to perform the trivial tasks of classifying faces by gender and scenes by content (i.e., containing man-made objects or not). Yet, we observed robust modulation of LF-BOLD coupling between a rIFG region and category-preferential posterior visual regions, mirroring the activity dynamics of brain regions known to be engaged during task performance.
The current results suggest that modulation of LF-BOLD correlations during rest is not exclusively a direct consequence of a prior explicit learning episode per se. Rather, it appears that even relatively passive cognitive engagement, or Figure 4 . Coupling of LF-BOLD fluctuations in the rIFG with category-preferential visual regions during rest predicts subsequent memory. Across all participants (n 5 30), the magnitude of the interaction in rIFG was significantly correlated with subsequent recognition accuracy for scenes (r 5 0.37, P \ 0.05, 2-tailed).
Cerebral Cortex August 2010, V 20 N 8 2003 mere exposure to different categories of perceptual material, can modulate patterns of resting-state activity. However, this observation does not rule out the possibility that modulation of LF-BOLD activity is related to learning. On the contrary, our finding that LF-BOLD coupling between the rIFG and posterior visual regions predicted subsequent memory performance for scenes provides preliminary evidence of a potential role of resting-state activity in memory consolidation or preparation for future behavior. While we find the latter brain--behavior correlation to be intriguing, it should be interpreted with caution; future research is needed to demonstrate a definitive link between resting-state activity and subsequent memory. While there was a significant correlation between the magnitude of selective coupling of the rIFG with posterior category-preferential visual cortex and subsequent scene recognition accuracy across participants, this correlation was driven primarily by an even higher correlation with recognition accuracy in the easy recognition scene blocks. Conversely, the correlations between rIFG-visual cortex coupling and recognition accuracy in the difficult recognition scene blocks or for faces were not significant. This pattern could be explained by the fact that performance for face recognition was much lower than for scene recognition overall. Moreover, even in the easy recognition face blocks, recognition accuracy was not significantly different from performance during the difficult recognition scene blocks (t = 1.3, P = 0.2; Supplementary Fig.  3A) . While it is tempting to conclude that the brain--behavior correlation was significant only for the easy recognition blocks due to increased learning in this condition, as indicated by higher subsequent recognition accuracy, further research will be required to substantiate this link.
In conclusion, a number of recent papers have now demonstrated that LF-BOLD fluctuations during rest are modulated by previous tasks within networks engaged during task performance (Waites et al. 2005; Albert et al. 2009; Hasson et al. 2009; Lewis et al. 2009 ); some providing support for the suggestion that resting-state activity may be involved in some forms of consolidation (e.g., Albert et al. 2009; Lewis et al. 2009 ). The current results extend these findings by demonstrating that LF-BOLD fluctuations during sustained periods of rest are modulated by recent cognitive experience with no explicit learning component, such as a simple classification task or mere exposure to different categories of visual stimuli. Furthermore, we showed that this modulation is specific to functionally relevant brain regions, in this case, regions known to be preferentially involved in processing of different categories of visual stimuli. Finally, we found preliminary evidence that the degree of this modulation predicts subsequent cognitive performance. Taken together, these findings extend our understanding of the dynamic nature of LF-BOLD fluctuations in the resting human brain and the role it plays in learning and subsequent cognition. Future studies that probe other cognitive domains and brain regions are needed to clarify the extent, temporal dynamics, and nature of interactions between correlated activity fluctuations in the resting brain and a range of cognitive functions.
